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The dark matter interpretation for a recent observation of excessive electron recoil events at
the XENON1T detector seems challenging because its velocity is not large enough to give rise to
recoiling electrons of O(keV). Fast-moving or boosted dark matter scenarios are receiving attention
as a remedy for this issue, rendering the dark matter interpretation a possibility to explain the
anomaly. We investigate various scenarios where such dark matter of spin 0 and 1/2 interacts with
electrons via an exchange of vector, pseudo-scalar, or scalar mediators. We find parameter values
not only to reproduce the excess but to be consistent with existing bounds. Our study suggests that
the scales of mass and coupling parameters preferred by the excess can be mostly affected by the
type of mediator, and that significantly boosted dark matter can explain the excess depending on the
mediator type and its mass choice. The method proposed in this work is general, and hence readily
applicable to the interpretation of observed data in the dark matter direct detection experiment.
Introduction. - Dark matter is a crucial ingredi-
ent in the cosmological history of the universe and ac-
counts for about 27% of the energy budget in the uni-
verse today. As its existence is supported by galactic-
scale to cosmological-scale gravity-based evidence, var-
ious experiments were performed, are operational, and
are planned to detect dark matter via its hypotheti-
cal non-gravitational interactions with Standard Model
(SM) particles. While no conclusive observations have
been made thus far, the XENON Collaboration has re-
cently reported an excess of electron recoil events over
known backgrounds with an exposure of 0.65 ton·year [1].
The excess is shown below 7 keV and most of the events
populate at 2− 3 keV.
The XENON1T detector is designed to have an ex-
tremely low rate of background events, so this excess
could be considered as a sign of new physics. The
XENON Collaboration has claimed that while the un-
resolved β decays of tritium can explain the excess at
3.2σ significance, the solar axion model and the neutrino
magnetic moment signal can be favored at 3.5σ and 3.2σ
significance, respectively. It is expected that confirma-
tion or rejection of these hypotheses will be done with
more statistics in the near future. By contrast, the inter-
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pretation with conventional dark matter is less favored,
essentially because of its non-relativistic nature. For dark
matter sufficiently heavier than electron, the scale of elec-
tron recoil (kinetic) energy is ∼ me × (10−3c)2 ≈ O(eV)
with me and 10
−3c being the mass of electron and the
typical velocity of dark matter near the earth, respec-
tively. In other words, the energy deposition by conven-
tional dark matter is not large enough to accommodate
the excessive events of O(keV).
However, this issue may be avoided by envisioning non-
conventional dark-sector scenarios involving a mechanism
to exert a sufficient boost on a dark matter component,
rendering the dark matter hypothesis plausible enough
to explain the excess. In particular, upon confirmation,
the XENON1T anomaly can be the first signal to indi-
cate that the associated dark sector is non-conventional,
opening a new pathway toward dark matter phenomenol-
ogy. Indeed, the authors in Ref. [2] pointed out, for the
first time, that the XENON1T experiment would be sen-
sitive enough to the fast-moving χ1 – which arises in the
two-component boosted dark matter (BDM) scenario –
interacting with electrons. Along this line, we entertain
a class of non-conventional dark-sector scenarios to ex-
plain the XENON1T excess in this paper, in particular,
focusing on the impact of the particle mediating the dark-
matter–electron interactions in the context of the BDM
scenario as a concrete example.
Dark Matter Interpretation. - As mentioned previ-
ously, it is challenging to accommodate the XENON1T
anomaly using the ordinary halo dark matter since its
typical velocity is too small to invoke keV-scale energy
deposition on target electrons. Bosonic dark matter (e.g.,
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2axion-like particle and dark photon) of keV-scale mass
could be absorbed, depositing its whole mass energy in
the XENON1T detector. However, this is likely to give
rise to a line-like signature, so that this possibility is less
preferred by the observed recoil energy spectrum. In-
deed, the XENON Collaboration found that no bosonic
dark matter of mass within 1 and 210 keV shows more
than 3σ significance unlike the other interpretations, so
they simply set the limits for relevant dark matter can-
didates.
The upshot of this series of observations is that dark
matter (or more generally, a dark matter component)
should acquire a sizable enough velocity to transfer keV-
scale kinetic energy to a target electron. This approach
has been investigated in Ref. [3] where the authors
claimed that fast-moving dark matter with velocity of
O(0.1c) can fit in the XENON1T excess. An important
implication of this way of dark matter interpretation is
that the dark matter (candidate) responsible for the ex-
cess is not the (cold) galactic halo dark matter, i.e., it is a
subdominant fast-moving component and the underlying
dark matter scenario is non-conventional. Furthermore,
it requires a certain mechanism to “boost” this dark mat-
ter component in the universe today. There are several
mechanisms and scenarios to serve this purpose, which
were originally proposed for other motivations; semi-
annihilation [4], (two-component) boosted dark matter
scenarios [5–7], models involving dark-matter-induced
nucleon decays inside the sun [8], and energetic cosmic-
ray-induced dark matter [9–11]. Of them, we discuss the
BDM scenario as also considered in Ref. [12], focusing on
implications of the XENON1T anomaly on the spins of
BDM and mediator particles.
The standard two-component BDM scenario [6] as-
sumes two different dark matter species; one (say, χ0)
is heavier than the other (say, χ1). Their stability is of-
ten protected by separate unbroken symmetries such as
Z2⊗Z ′2 and U(1)′⊗U(1)′′. One of the species (usually the
heavier one χ0) has no direct coupling to SM particles,
but communicates with the other species χ1. By con-
trast, χ1 can interact with SM particles with sizable cou-
pling. Therefore, χ0 is frozen out via the indirect com-
munication with the SM sector with the “assistance” of
χ1 (a.k.a. “assisted” freeze-out mechanism) [5]. In other
words, χ0 pair-annihilates to χ1 while χ1 pair-annihilates
to SM particles. The relatively sizable coupling of χ1 to
SM particles renders it the negligible dark matter compo-
nent while keeping χ0 to dominate over the galactic halo.
In most of the well-motivated parameter space, conven-
tional dark matter direct detection experiments do not
possess meaningful sensitivity to relic χ0 and χ1 because
of tiny coupling and negligible statistics, respectively.
A phenomenologically intriguing implication of this
model setup, particularly relevant to the XENON1T ex-
cess, is that χ1 can acquire a sizable boost factor, which
is simply given by the ratio of the χ1 mass to the χ0 mass,
in the universe today. Therefore, one may look for the
signal induced by such boosted χ1. Due to the small χ1
flux [see also Eq. (2)], it is usually challenging for small-
volume detectors to have signal sensitivity, but ton-scale
dark matter direct detection experiments can be sensi-
tive to the boosted χ1 signal [2, 13]. As mentioned ear-
lier, Ref. [2] has performed the first sensitivity study for
the boosted χ1 interacting with electrons in XENON1T,
LUX-ZEPLIN, and DEAP3600 experiments. Motivated
by the proposal in Ref. [2], the COSINE-100 Collabo-
ration has conducted the first search for BDM-induced
signals as a dark matter direct detector1 and reported
the results [15] including limits on the models of inelastic
BDM [7].
Denoting the χ0 and χ1 mass parameters by m0 and
m1 correspondingly, we find that if m1 is given by ap-
proximately 99.0 − 99.9% of m0, χ1 coming from the
pair-annihilation of χ0 in the present universe can be
as fast-moving as 0.04− 0.14c. While this simple consid-
eration determines the “desired” mass relation between
χ0 and χ1, not all mass values are favored by the excess
aside from the various existing limits. More importantly,
as will be discussed later, the “favored” velocity range
can be significantly altered, depending on the underlying
mass spectrum and particle types. To investigate these
points more systematically, we first consider the number
of signal events Nsig. As well known, it is given by
Nsig = F1 σ1eN effe texp , (1)
where F1, σ1e, N effe , and texp are the flux of boosted χ1
near the earth, the total scattering cross-section of χ1
with an electron, the number of effective target electrons
in the fiducial volume of the XENON1T detector, and
the total exposure time, respectively. Here σ1e could be
affected by the threshold and/or detection efficiencies for
recoiling electrons if a significant number of events are
populated in the region where the recoil electron energy
is near the threshold and/or the associated efficiencies are
not large enough. The last two factors are experimentally
determined and their product can be easily deduced from
0.65 ton·year.
Regarding N effe , we remark that the binding energy of
electrons in the xenon atom is not negligible given the
keV scale of recoiling electron kinetic energy. While the
outermost electron (in the O shell) needs 12.1 eV [16] to
get ionized, the innermost electron (in the K shell) re-
quires an ionization energy of 34.6 keV [17]. Therefore,
only some fraction of electrons can be target electrons
for the BDM mostly inducing keV-scale energy deposi-
tion. Some works considered form factors to calculate the
dark matter event rate to explain the XENON1T excess.
For example, Ref. [3] used the atomic excitation factor
with relativistic corrections and Ref. [18] considered the
dark matter and ionization form factors, restricting to the
1 Note that Super-Kamiokande, a 10 kton-scale neutrino detector,
performed a dedicated search for BDM interacting with elec-
trons [14].
3N -shell and O-shell electrons. We here take a shortcut
scheme, reserving a dedicated analysis for future work.
As in Ref. [18], we consider the N -shell and O-shell elec-
trons only, i.e., N effe = 26 throughout our analysis. Note
that the largest ionization energy for the N -shell elec-
trons is 213.2 eV [16] which would induce ∼ 10% uncer-
tainty in estimating 2 − 3 keV energy deposition. Since
we will consider energy resolution of ∼ 450 eV [19], we
expect that the ∼ 0.2 keV level uncertainty is buried in
the detector resolution. We also note that each of the N -
shell and O-shell electrons gets excited with a different
weight. We expect that this would make an O(1) effect,
so our findings and conclusions in the analysis would re-
main valid.
The estimate of flux F1 depends on the source of BDM,
and we consider here the χ1 coming from the galactic halo
for illustration. Assuming that the χ0 halo profile follows
the Navarro-Frenk-White profile [20, 21], we see that F1
from all sky is given by [6]
F1 = 1.6 cm−2s−1
×
( 〈σ0→1v〉
5× 10−26 cm3s−1
)(
10 MeV
m0
)2
, (2)
where the velocity-averaged annihilation cross-section
〈σ0→1v〉 is normalized to 5 × 10−26 cm3s−1 to be con-
sistent with the observed relic abundance. Note that the
flux is proportional to inverse mass square, so roughly
speaking a large (small) m0 prefers a large (small) value
of σ1e to reproduce the excessive number of events of
XENON1T.
It is instructive to investigate BDM parameter space
to (potentially) accommodate the XENON1T anomaly
in a model-independent fashion. In FIG. 1, we present
the maximum recoil energy of electrons scattered off by
BDM,
Emaxr =
2mep
2
1
s
, (3)
where p21 = E
2
1 −m21 and s = m21 +m2e + 2meE1 with E1
being the total energy of boosted χ1, and required BDM-
electron scattering cross-sections to have 100 recoil events
at the XENON1T detector with the 0.65 ton·year expo-
sure, σ1001e , in the (m1, E1) plane. Note that although
the number of excessive events is about 50, the nominal
number of signal events can be a few times larger due
to detector efficiency and resolution, depending on the
underlying model details. In the two-component annihi-
lating BDM scenario that we consider here, E1 is simply
identified as m0.
Emaxr must be at least 2 keV because the observed ex-
cess is pronounced most at 2 − 3 keV. The disfavored
region of Emaxr < 2 keV is gray-shaded. From Eqs. (1)
and (2), Nsig ∝ F1σ1e ∝ σ1e/E21 , so the required cross-
section increases quadratically in E1. One should keep
in mind that too large σ1001e is constrained by too short
a mean free path and (potentially) by various experi-
mental bounds on the mediator mass and the associated
σ1e100 = 2.5×10-33 cm2  ℓ1~ 2, 400 km
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FIG. 1: Maximum recoil energy of electrons scattered off
by BDM, Emaxr (solid colored curves), and required BDM-
electron scattering cross-sections to have 100 recoil events
with the 0.65 ton·year exposure, σ1001e (orange lines), in the
(m1, E1) plane. The gray-shaded lower-right area is disfa-
vored because the expected maximum electron recoil energy
is less than the typical energy associated with the observed
excess, i.e., Emaxr < 2 keV. The upper region requires large
cross-sections which can result in too small mean free paths
(¯`1 ∝ 1/σ1e) inside the earth to reach the XENON1T detec-
tor. We show a mean free path value at E1 = 100 MeV for
reference. Three diagonal lines represent the velocity of BDM
for a given choice of the (m1, E1) pairs.
coupling. We will discuss these issues in the context of
specific benchmark points later.
To study model-dependence of the BDM scattering
cross-section, we consider vector mediator Vµ, pseudo-
scalar mediator a, and scalar mediator φ together with
(Dirac-)fermionic BDM χ1 and (complex-)scalar BDM
ϕ1; six different cases in total are summarized in Table I
with relevant interaction terms and coupling constants.
For the PS and SS cases, the scale of mediator couplings
to dark matter is normalized to m1. Assuming that the
incoming χ1 is much faster than the electrons in xenon
atoms, we find that the spectrum in the kinetic energy
of recoiling electrons Er with incoming BDM energy E1
has the form of
dσ1e
dEr
=
(gijg
i
e)
2me
8piλ(s,m2e,m
2
1)(2meEr +m
2
i )
2
|A|2 (4)
where i ∈ {V, a, φ}, j ∈ {χ, ϕ}, and λ(x, y, z) = (x −
y − z)2 − 4yz. Here |A|2 is the spin-averaged amplitude
squared, in which the denominator from the propagator
contribution is factored out, and the expressions for the
six cases are also tabulated in Table I.
Case Studies. - We are now in the position to look
into the aforementioned cases, starting with (a) the vec-
tor mediator case, followed by (b) the pseudo-scalar me-
diator case and (c) the scalar mediator case. Since the
two dark matter components are assumed to be thermally
produced, we assume that the mass of the heavier com-
ponent (i.e., dominant relic) is larger than, at least, a few
4Case Mediator Dark matter Lint |A|2
VF Vµ χ1 (g
V
e e¯γ
µe+ gVχ χ¯1γ
µχ1)Vµ 8me
{
me(2E
2
1 − 2E1Er + E2r )− (m2e +m21)Er
}
VS Vµ ϕ1 (g
V
e e¯γ
µe+ gVϕ ϕ
∗
1∂
µϕ1 + h.c.)Vµ 8me
{
2meE1(E1 − Er)−m21Er
}
PF a χ1 (ig
a
e e¯γ
5e+ igaχχ¯1γ
5χ1)a 4m
2
eE
2
r
PS a ϕ1 (ig
a
e e¯γ
5e+ igaϕm1ϕ
∗ϕ)a 8mem21Er
SF φ χ1 (g
φ
e e¯e+ g
φ
χχ¯1χ1)φ 4me(Er + 2me)(2m
2
1 +meEr)
SS φ ϕ1 (g
φ
e e¯e+ g
φ
ϕm1ϕ
∗ϕ)φ 8mem21(Er + 2me)
TABLE I: Example scenarios associated with the interaction between BDM and electron that we consider in this study. Vµ,
a, and φ denote vector, pseudo-scalar, scalar mediators, respectively, while χ1 and ϕ1 denote (Dirac-)fermionic and (complex-
)scalar dark matter. For the PS and SS cases, the scale of mediator couplings to dark matter is normalized to the mass of
BDM for convenience.
FIG. 2: Unit-normalized electron recoil energy spectra (solid
lines) in the VF case for three sets of mass values as shown
in the legend. BDM and the mediator are a Dirac fermion
and a massive vector. The dashed lines are the corresponding
plots with detector resolution (σres = 0.45 keV) and efficiency
reported in Ref. [19] and Ref. [1], respectively.
MeV. To develop the intuition on this differential spec-
trum, we consider three different regions of mass space:
(i) m0 ≈ m1  me, mi  me,
(ii) m0 ≈ m1  me, mi < me, (5)
(iii) m0  me > m1, mi < me ,
where mi is the mediator mass with i = V, a, φ and m0 is
again assumed to be greater than m1 in all cases. Note
that (i) and (ii) represent the upper-right region of the
(m1, E1) parameter plane with respect to (me,me) in
FIG. 1, while (iii) does the upper-left region.
(a) Vector mediator: We first consider the VF case (i.e.,
fermionic BDM), displaying example unit-normalized re-
coil energy spectra (solid lines) in FIG. 2 with our bench-
mark parameter choices shown in the legend.
In the first benchmark point (red), the BDM χ1 has a
speed of v1 = 0.06c, hence lies in the 68% C.L.-favored
region of Ref. [3] as also supported by the typical recoil
energy of O(keV). Furthermore, since m1,mV  me
and E1 ≈ m1, the spectral shape is almost flat over the
allowed range in this limit:
dσ1e
dEr
≈ (g
V
χ g
V
e )
2mem
2
1
2pip21m
4
V
, (6)
from which we find the total cross-section2 to be
σ1e ≈
(gVχ g
V
e )
2m2e
pim4V
. (7)
This flat distribution can be distorted to a rising-and-
falling shape by detector smearing and efficiency, as
shown by the red dashed curve.
For the second benchmark point (green), we choose
a mediator V lighter than electron. Unlike the previ-
ous case, the expected recoil energy spectrum is rapidly
falling off:
dσ1e
dEr
≈ (g
V
χ g
V
e )
2mem
2
1
2pip21(2meEr +m
2
V )
2
, (8)
for which the total cross-section is dominated by the re-
gion of Er → 0. The reason is because the differential
cross-section in electron recoil momentum is peaking to-
ward small pe( me) due to the t-channel exchange of
V and this feature is more prominent for mV  me [22].
Once detector effects are included, events are expected to
populate most densely around 2 − 3 keV (see the green
dashed curve). However, a caveat to keep in mind is that
too small mV values would lead most of events to lie be-
low 2 keV since dσ1e/dEr goes like 1/E
2
r . Our numerical
study suggests that mV & 5 keV would be favored by the
data for the chosen (m0,m1) pair.
This observation motivates the third benchmark point
(blue) where the BDM even lighter than electron acquires
a significant boost factor. An approximation similar to
Eq. (8) goes through with m21 replaced by E
2
1 since E1 
m1. As also shown in FIG. 2, the differential spectrum
is not much different from that of the second benchmark
point, except a long tail beyond 7 keV which may not be
2 Our expression has mass dependence different from the finding
in Ref. [12]. Ours is proportional to m2e (vs. mem1 in Ref. [12]),
resulting in smaller estimates of cross-section.
5FIG. 3: Sample energy spectra for the same benchmark mass
spectra and particle spins (i.e., the VF case) as in FIG. 2.
We assume gVχ = 1 and galactic BDM for which the flux
is given by Eq. (2). The values of σ1e and g
V
e associated
with these fits are shown in the legend. The quoted σ1e are
roughly consistent with the value of σ1001e at E1 = 10 MeV.
The background model (with negligible tritium contributions)
claimed by the XENON Collaboration and the data points are
given by the gray line and the black dots, respectively.
appreciable at this earlier stage. Moreover, the spectrum
with detector effects (blue dashed) is quite similar to the
second benchmark point. This demonstrates that unlike
the claim in Ref. [3] the favored region can be extended
further below ∼ 0.1 MeV and/or further beyond v1 =
0.3c, as long as mV is smaller than me. However, the
preferred range of mV is more restricted than that in the
second benchmark point. Our numerical study shows
that mV & 50 keV would result in more than half of
events lying beyond 7 keV, so that 5 . mV . 50 keV
would be favored for the chosen (m0,m1) pair.
The cross-section σ1e also determines the mean free
path ¯`1 in the earth, which is given by ∼ 1/(〈ne〉σ1e)
with 〈ne〉 being the mean electron number density along
the χ1 propagation line. Here we assume that χ1 has neg-
ligible interactions with nuclei. If gVe is too large [with
gV1 set to be O(1)], χ1 may scatter multiple times inside
the earth before reaching the XENON1T detector located
∼ 1, 600 m underground, resulting in a substantial loss
of energy that χ1 initially carries out. The situation be-
comes worse if χ1 comes from the opposite side of the
earth. As shown in Eq. (1), F1 and σ1e are complemen-
tary to each other for a fixed Nsig, i.e., a small F1 would
be compensated by a large σ1e at the expense of multiple
scattering of χ1. This scenario was explored in Ref. [12].
In our study, we rather focus on the opposite case where
σ1e is small (hence no worries about the issue of too many
scatterings) but sub-GeV (and smaller) χ0 allows a large
flux of χ1.
In FIG. 3, we now show sample energy distributions
for the three benchmark mass spectra taken in FIG. 2,
assuming gVχ = 1 and galactic BDM whose flux is given
by Eq. (2). The values of σ1e and g
V
e associated with
these fits are shown in the legend. The black dots and the
gray line are the data points and the background model
(with negligible tritium contributions) are imported from
Ref. [1].
A few comments should be made for the quoted σ1e
and gVe values. First, the required σ1e is of order 10
−35−
10−34 cm2 resulting in more than ten thousand km (∼
the diameter of the earth) of mean free path, i.e., at
most a handful of χ1 scattering would arise inside the
earth before reaching the XENON1T detector. See also
the reference lines for σ1001e and
¯`
1 in FIG. 1. Second,
there are mild differences among the quoted σ1e values
although the BDM flux is fixed for all benchmark points.
As discussed earlier, the nominal scattering cross-section
to explain the excess can be different due to the detector
effects. As suggested by FIG. 2, the green and blue curves
are more affected by the detector efficiency since more
events are expected to populate toward the lower energy
regime. Therefore, these two points typically demand a
nominal BDM scattering cross-section greater than that
for the other one. Third, some of the reported gVe values
might be in tension with existing limits, depending on the
underlying model details. We will revisit this potential
issue in the next section.
Finally, we briefly discuss how the variation in the dark
matter spin affects the conclusions that we have made so
far for the VF case. We see that |A|2 for the VS case
is approximated to 16m2eE
2
1 just like the VF case, and
therefore expect similar spectral behaviors. We find that
the actual distributions look very similar to the corre-
sponding ones with χ1 for the same mass choices, holding
similar conclusions.
(b) Pseudo-scalar mediator: We perform similar analyses
for the three regions of mass space discussed in the pre-
vious section. For fermionic dark matter χ1 (i.e., the PF
case), we find that
dσ1e
dEr
≈

(gaχg
a
e )
2meE
2
r
8pip21m
4
a
for (i)
(gaχg
a
e )
2meE
2
r
8pip21(2meEr +m
2
a)
2
for (ii) and (iii),
(9)
and the corresponding energy spectra with the same
benchmark mass spectra as in FIG. 2 are shown in the
top panel of FIG. 4. Unlike the vector mediator case,
the differential cross-section rises in increasing Er due to
the E2r dependence in the numerators. For (i) the recoil
spectrum increases up to Emaxr , whereas for (ii) it gradu-
ally saturates due to the competition with the Er depen-
dence in the denominator. All these expected behaviors
are clearly shown by the solid red and the solid green
curves in the top panel of FIG. 4. Interestingly enough,
the differential cross-section for (ii) becomes constant in
the limit of ma → 0, and the ma dependence gets negli-
gible. Therefore, if a small ma is preferred by the data,
it may be challenging to determine ma. For region (iii),
exactly the same spectral behavior as in region (ii) is
6FIG. 4: [Top] The corresponding unit-normalized plots with
the same benchmark mass spectra as in FIG. 2 but with
fermionic BDM and pseudo-scalar mediator (i.e., the PF
case). The solid and the dashed lines are the spectra without
and with detector effects, respectively. For the (iii) region,
the spectrum is rising very slowly toward Emaxr ≈ 9.75 MeV
so that events with keV-scale recoil energy are very unlikely
to arise and the corresponding blue curve appears invisible.
[Bottom] Sample energy spectra for the first two benchmark
mass spectra. We assume gaχ = 1 and galactic BDM for which
the flux is given by Eq. (2). The values of σ1e and g
a
e associ-
ated with these fits are shown in the legend.
expected. However, Emaxr approaches 9.75 MeV so that
events accompanying keV-scale energy are very unlikely
to arise. Indeed, the blue curve clings to the x axis.
This rising feature of the recoil energy spectra implies
that less events are affected by the XENON1T detector
efficiency unlike the (ii) and (iii) regions with a vector
mediator. In other words, nominal cross-sections differ
not much from the corresponding fiducial cross-sections.
On the other hand, the total cross-section is much smaller
than that of the vector mediator scenario for the same
mass spectra and the same coupling strengths, because
E2r dependence (i.e., ∼ 1 − 10 keV2) is much smaller
than E21 dependence [see the discussions near Eqs. (6)
and (8)]. This implies that in order to obtain a required
cross-section for a given BDM flux, a significantly larger
coupling strength should be needed, compared to the cor-
responding value for the vector mediator. The bottom
panel of FIG. 4 shows sample energy spectra for the first
two benchmark mass spectra with gaχ = 1 and galactic
BDM, and clearly advocates all these expectations. The
quoted σ1e are slightly smaller than the σ1e in FIG. 3.
We also find that the required values of gae are larger than
gVe in FIG. 3 by roughly four orders of magnitude. They
may be strongly disfavored by the existing limits. We
again revisit this issue in the next section.
When it comes to the case with scalar BDM (i.e., the
PS case), we see that Er dependence in the numerator
is linear so that the rising feature becomes mitigated. In
particular, for regions (ii) and (iii) the recoil energy dis-
tributions can be described by a rising-and-falling shape,
so it is possible to find ranges of parameter space to ex-
plain the XENON1T excess. We do not pursue an inves-
tigation to identify such parameter space here, reserving
it for future work.
(c) Scalar mediator: Given the discussions thus far, we
are now equipped with enough intuitions to understand
the scalar mediator case qualitatively. In the SF case,
|A|2 behaves like ∼ m2em21 for the (i) and (ii) regions, so
the argument for the (i) and (ii) regions of the vector me-
diator scenario essentially gets through modulo numeri-
cal prefactors. By contrast, the linear Er dependence can
survive for the (iii) region, i.e., |A|2 ∝ 2m21 +meEr, and
as a result, the recoil energy spectrum can be of rising-
and-falling shape like the (ii) and (iii) regions of the PS
case. In the SS case, |A|2 ∝ m2em21 = const., so the
overall expectations can be referred to those in the VF
case except the fact that the scattering cross-sections are
much smaller than those in the VF case for a given set
of mass values and coupling strengths.
Discussions. - In this section, we discuss implications
of our findings: fit parameter consistency with existing
limits and scattering of BDM on xenon nuclei.
As mentioned before, the quoted parameter values to
explain the XENON1T excess may be in tension with
existing bounds. Identifying V as a dark photon and
considering the first benchmark point in FIG. 3, we find
that the (mV , g
V
e ) pair is safe from the existing bounds.
In terms of the standard kinetic mixing parameter ,
gVe = 2.5 × 10−4 is translated to  = 8.2 × 10−4 which
is not yet excluded by the latest limits [23]. However,
the parameter values for the other two benchmark points
are strongly constrained by the limits from various astro-
physical searches. The same tension arises for the second
benchmark point in the bottom panel of FIG. 4 with a
identified as, say axion-like particle. Indeed, it was ar-
gued that there are ways to circumvent those astrophys-
ical bounds that would rule out such dark photons and
axion-like particles. The main idea is that if the coupling
constant and the mass parameter have effective depen-
dence upon environmental conditions of astrophysical ob-
jects such as temperature and matter density, which are
very different in the XENON1T experiment, the limits
can be relaxed by several orders of magnitude [24–27].
There are several works to discuss relevant mechanisms
7Region (i) Region (ii) Region (iii)
γBDM ≈ 1 ≈ 1  1
VF 4(flat) 3(falling) 3(falling)
VS 4(flat) 3(falling) 3(falling)
PF 4(rising) 4(rising) 7(–)
PS 4(rising) 3(rising-and-falling) 3(rising-and-falling)
SF 4(flat) 3(falling) 3(rising-and-falling)
SS 4(flat) 3(falling) 3(falling)
TABLE II: A summary of our case studies. Conditions of
each region are defined in Eq. (5). γBDM denotes the Lorentz
boost factor of BDM. 4and 3 indicate that one can find mass
spectra to reproduce the XENON1T excess and satisfy the
conditions of the associated regions, while for entries marked
with 3 a certain range of mediator mass may not reproduce
the XENON1T excess. By contrast, 7 indicates that it is gen-
erally hard to find a mass spectrum to explain the excess. The
general shape of expected recoil energy spectra is described
in the parentheses.
in the context of specific particle physics models, e.g.,
Refs. [28–34], for which concise summaries are referred
to Refs. [35, 36]. Furthermore, Ref. [27] pointed out that
the energy loss process inside the stellar medium could
be quenched because of absorption for large values of
coupling. Therefore, a careful check is needed to see if
these parameter points are disfavored by the astrophysi-
cal bounds. Finally, in regard to the (ma, g
a
e ) values for
the first benchmark point in the bottom panel of FIG. 4,
it seems that there are no existing searches that are sen-
sitive to this parameter point to the best of our knowl-
edge. However, due to a relatively large size of coupling
we expect that existing or near-future laboratory-based
experiments such as accelerator experiments can test this
parameter point.
Moving onto the second issue, one may ask whether
BDM would scatter off a xenon nucleus and whether
this dark matter interpretation would be contradictory
to the null signal observation in the nuclear recoil chan-
nel at the XENON1T detector. A possible solution is to
assume that the mediator is “baryo-phobic” or “electro-
philic”. Aside from model dynamics, we can check this
issue using kinematics. The maximum kinetic energy
of a recoiling xenon nucleus Emaxr,Xe is simply given by
Eq. (3) with me replaced by mXe and with s approxi-
mated to m2Xe. For the first two benchmark mass points
p1 ≈ 630 keV gives Emaxr,Xe ≈ 6 × 10−3 keV, whereas for
the last one p1 = 10 MeV results in E
max
r,Xe ≈ 1.6 keV.
Therefore, XENON1T is not sensitive enough to the dark
matter signals from the three benchmark points in the
nucleus scattering channel. However, if E1 increases,
XENON1T starts to be sensitive to the signals belonging
to region (iii) in the nucleus scattering channel, allowing
for complementarity between the electron and nucleus
recoil channels.
Conclusions. - The dark matter interpretation for
the XENON1T anomaly is in favor of the existence of
fast-moving or boosted dark matter component(s) in the
present universe, which may require non-conventional
dark matter dynamics. We investigated various cases in
which such dark matter of spin 1/2 and 0 interacts with
electrons via the vector, pseudo-scalar, or scalar medi-
ator in the context of the two-component boosted dark
matter model as a concrete example. Our findings are
summarized in Table II. We found that there exist a set of
parameter choices to be compatible with existing bounds
as well as to accommodate the anomaly. In particular,
the scales of mass and coupling parameters are sensitive
to the mediator choice. Our study further suggested that
with appropriate choices of mediator and its mass, sig-
nificantly boosted dark matter can be allowed on top of
the moderately fast-moving dark matter. Finally, we em-
phasize that the analysis method that we have proposed
in this work is general, so we expect that it is readily
applicable to the interpretation of observed data in other
dark matter direct detection experiments.
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